Introduction {#S5}
============

Diet-induced obesity progressively leads to type II diabetes, dyslipidemia, hypertension and cardiovascular diseases. An effective strategy for healthy weight loss employs either caloric restriction or increase energy expenditure. White adipose tissue (WAT) stores excess energy as fat. Brown adipose tissue (BAT) burns fat into energy. BAT activation by endogenous pathways that regulate metabolic activity causes healthy weight loss^[@R1]^. Therefore, activation of BAT thermogenesis is a good strategy to counter obesity. Pharmacological approach to enhance the BAT activity has geared up the quest for novel molecules that enhance metabolism to counter diet-induced obesity.

Increasing thermogenesis and fat metabolism by stimulating the cellular energy sensor, sirtuin-1 (SIRT-1) is effective against diet-induced obesity^[@R2],\ [@R3]^. Deacetylation of adipogenic peroxisome proliferator activated receptor gamma (PPARγ) and its coactivator PGC-1α by SIRT-1 has been recognized to underlie the beneficial effects of SIRT-1 activators to stimulate energy expenditure and counter obesity^[@R3],\ [@R4]^. Along with SIRT-1, the thermogenic transcription factor PR domain containing zinc finger protein 16 (PRDM-16) regulates brown fat lineage^[@R5]--[@R8]^. Therefore, reengineering thermogenic program in BAT, by activating PRDM-16 will be a novel strategy to counter obesity. Although deacetylation of PPARγ promotes browning of WAT and stabilizes PRDM-16^[@R3],\ [@R9],\ [@R10]^ and is a critical factor maintaining BAT differentiation^[@R11]^, whether PRDM-16 could be regulated by SIRT1 remains elusive.

Transient receptor potential (TRP) vanilloid subfamily 1 (TRPV1) protein is implicated in high fat diet (HFD)-induced obesity^[@R12],\ [@R13]^. TRPV1 activation in cultured adipocytic cell line has been shown to induce browning phenotype in white adipocytes^[@R14]^. Also, TRPV1 activation prevented obesity by activating central and peripheral mechanisms, which regulate metabolism and thermogenesis^[@R15],\ [@R16]^. Compelling evidences suggest that lack of TRPV1 exacerbates obesity and insulin resistance^[@R13]^ and capsinoids activate BAT to decrease body fat in humans^[@R17]^. However, there is lack of knowledge on the effect of TRPV1 in maintenance of BAT activation. This work analyzed TRPV1 expression in BAT and evaluated the effect of TRPV1 activation by CAP on the expression of thermogenic genes/proteins and metabolic activity to counter obesity.

Research Design and Methods {#S6}
===========================

Animals {#S7}
-------

Adult male TRPV1^−/−^ (B6.129X1-*Trpv1^tm1Jul^*/J) mice and their genetically unaltered wild type (WT) counterparts were purchased from Jackson Laboratory, Maine, USA, and bred in the animal house located in the School of Pharmacy as per protocols approved by the IACUC and as per the ethical regulations. Mice were housed in a climate-controlled environment (22.8 ± 2.0 °C, 45--50% humidity) with a 12/12-light/dark cycle with access to designated diet and water *ad libitum*. Weight gain, food and water intake were monitored weekly. Starting from week 6, mice were housed in groups of four in separate cages and randomly assigned into feeding groups of NCD or HFD (± CAP) until week 38. At the end of 38 weeks, metabolic study was performed and brown fat pads were obtained and used for in vitro experiments.

Subgroups of WT mice were fed NCD (± CAP) for 32 weeks. We performed a dose response for three concentrations of CAP (0.003%, 0.01% and 0.03% w/w in HFD) to determine their effect on weight gain. For experiments performed with mice to determine the effect of CAP supplementation post HFD, we fed WT and TRPV1^−/−^ mice HFD for 16 weeks (week 6 through 22) followed by supplementation of CAP in HFD (0.01% of CAP) from week 22 through 38. The weight gain and food/water intake were monitored weekly and metabolic studies were performed on weeks 16 and 32.

BAT isolation and quantitative RT-PCR measurements {#S8}
--------------------------------------------------

Following euthanization, mouse was placed with dorsal surface up and cut opened along the back all the way to the neck. The intrascapular BAT found right under the skin between the shoulders, seen as two lobes, was dissected. Quantitative PCR was performed as per previously published methods^[@R9]^ using primers described in [Supplemental Table I](#SD2){ref-type="supplementary-material"}. The scientist who performed these experiments was blinded on the type of tissues processed for these experiments.

Western blotting and coimmunoprecipitation {#S9}
------------------------------------------

Isolated BAT were lysed in lysis buffer. Protein concentrations were determined by Bradford method and equal amounts of protein were separated by SDS-PAGE and transferred to nitrocellulose membrane, immunoblotted with specific antibodies ([Supplemental Table II](#SD9){ref-type="supplementary-material"}) and detected by chemiluminescence method. All procedure were conducted as per previously published procedures^[@R9]^. The scientist who performed these experiments was blinded on the type of tissues processed for these experiments.

Blood glucose and serum triglyceride measurement and intraperitoneal glucose tolerance test {#S10}
-------------------------------------------------------------------------------------------

Fasting blood glucose levels were measured in NCD and HFD (± CAP)-fed mice on weeks 8, 16, 24, 32 and 40. To determine glucose tolerance, IPGTT was performed after fasting mice for 14 hours. Mice were injected with glucose (2g/kg) intraperitoneally. Blood glucose was measured, via tail bleeding, with a glucometer at 0, 15, 30, 60 and 120 minutes. Serum cholesterol and triglycerides were measured using commercially available kits (Biovision, USA).

Quantitative Determination of active plasma glucagon-like peptide-1 (GLP-1) {#S11}
---------------------------------------------------------------------------

Mice were fed food *ad libitum* and blood was drawn into EDTA tubes (BD Biosciences, NJ) containing 10 μl of DPP-IV inhibitor (Millipore, MA) at 9 PM. The tubes were inverted, mixed well and centrifuged at 1000g for 10 min. in a refrigerated centrifuge. GLP-1 in plasma samples was determined as per manufacturer's instruction (Alpco, NH, USA) using TECAN plate reader.

Cell culture {#S12}
------------

TRPV1 stably expressing HEK293 cells (HEKTRPV1) were cultured in MEM supplemented with 10% FBS and 1% antibiotics (penicillin and streptomycin). These cells were used for siRNA and other in vitro experiments.

SIRT-1 siRNA in HEKTRPV1 cells {#S13}
------------------------------

HEKTRPV1 cells were grown to 70% confluence. SIRT-1 siRNA treatment was used to deplete SIRT-1 levels in HEKTRPV1 cells. The siRNA against SIRT-1 was purchased from OriGene (SR308256). Scrambled siRNA transfected HEKTRPV1 cells were used as controls. The siRNAs were applied by transfecting cells at a final concentration of 200 nmol/l for 48 hr. using lipofectamine RNAiMAX reagent (Thermofisher.com). Levels of SIRT-1 protein were assessed by western blot and immunoprecipitation method. Western blot analysis was performed with precleared cytosol and immunoprecipitated samples for SIRT-1. Precleared cytosol was also probed for GAPDH as loading control.

Glycerol release from BAT {#S14}
-------------------------

Isolated BAT were washed in PBS and incubated in pre-warmed DMEM. For basal lipolysis, cut tissue pieces of BAT (approximately 20 mg) were preincubated in 200 μl of DMEM containing 2 % fatty acid free BSA at 37 °C, 5% CO2 and 95% humidity, for 60 min. Basal and glycerol release were determined as pre previously published procedure^[@R9]^.

Metabolic activity measurement {#S15}
------------------------------

Metabolic activity determined by using the Comprehensive Laboratory Animal Monitoring System^[@R9],\ [@R18],\ [@R19]^. Mice were individually placed in the metabolic cages with *ad libitum* access to food and water. After acclimatization for 24 hr., metabolic parameters including the volume of carbon dioxide produced (VCO~2~), the volume of oxygen consumed (VO~2~) and the respiratory exchange ratio (RER = VCO~2~/VO~2~) were measured.

Statistical analyses {#S16}
--------------------

All data are expressed as means ± S.E.M. Comparisons between groups were analyzed using one-way ANOVA and post hoc analyses were done using ANOVA Tukey HSD test or Student *t* test, whenever appropriate. Samples sizes were set to determine whether the mean value of an outcome variable is one group differed significantly from that in another group. A *P* value \<0.05 was considered as statistically significant.

Drugs and chemicals {#S17}
-------------------

HFD was obtained from Research Diets Inc., NJ, USA. All chemicals were from Sigma, USA. Quantitative RT PCR kits were from Qiagen, USA. Sources of all antibodies used for research are given in [Supplemental Table II](#SD9){ref-type="supplementary-material"}.

Results {#S18}
=======

CAP antagonizes HFD-induced obesity in the WT mice {#S19}
--------------------------------------------------

In order to determine the effect of CAP on diet-induced obesity, we fed WT and TRPV1^−/−^ mice NCD, HFD or HFD + CAP (0.01% of the total diet). CAP feeding inhibited weight gain only in the WT but not in TRPV1^−/−^ mice ([Supplemental Figure 1A and B](#SD1){ref-type="supplementary-material"}). Interestingly, CAP feeding did not alter food and water intake in these mice ([Supplemental Figure C and D](#SD1){ref-type="supplementary-material"}). We also fed a subgroup of WT mice with either NCD or NCD + CAP. CAP did not alter the weight gain ([Supplemental Figure 1E](#SD1){ref-type="supplementary-material"}) or food and water intake ([Supplemental Figure 1F and G](#SD1){ref-type="supplementary-material"}) in these mice. In order to analyze a relationship between dose of CAP in HFD and weight gain inhibition, we fed WT mice HFD \[± CAP (0.003%, 0.01% or 0.03%)\] for 32 weeks. CAP significantly inhibited HFD-induced weight gain by 35 to 40% ([Supplemental Figure 1H and I](#SD1){ref-type="supplementary-material"}) without altering diet or water intake ([Supplemental Figure 1J](#SD1){ref-type="supplementary-material"}).

CAP stimulates metabolic activity {#S20}
---------------------------------

Since CAP significantly inhibited obesity, we evaluated whether CAP increased metabolic activity. Therefore, we determined the RER (respiratory exchange ratio, defined as the ratio of VCO~2~ to VO~2~) and ambulatory activity in WT and TRPV1^−/−^ mice-fed NCD or HFD (± CAP) for 10 hr. HFD suppressed RER of WT and TRPV1^−/−^ mice and CAP antagonized this in the WT but not in TRPV1^−/−^ mice ([Supplemental Figure 2A, B, C and D](#SD3){ref-type="supplementary-material"}). CAP also countered the inhibition of locomotion activity by HFD in the WT but not in TRPV1^−/−^ mice ([Supplemental Figure 2C and F](#SD3){ref-type="supplementary-material"}).

Mammalian BAT expresses TRPV1 protein {#S21}
-------------------------------------

Since CAP did not protect TRPV1^−/−^ mice from obesity we hypothesized that TRPV1 is expressed in BAT and CAP activated TRPV1 to mediate its effects. To analyze this, we immunoprecipitated TRPV1 in the interscapular BAT isolated from NCD or HFD (± CAP)-fed WT and TRPV1^−/−^ mice. Lysates of HEK293 cells that stably expressed TRPV1 served as a positive control for this experiment. As shown in [Figure 1A](#F1){ref-type="fig"}, TRPV1 protein was expressed in the lysates of HEKTRPV1 cells and BAT of the NCD-fed WT mice. WT BAT expressed TRPV1 ([Figure 1B and C](#F1){ref-type="fig"}). We also performed quantitative RT-PCR experiments in these samples. The expression level of trpv1 mRNA normalized to 18s is summarized in [Figure 1D](#F1){ref-type="fig"}. HFD-feeding suppressed TRPV1 expression in BAT and dietary CAP prevented this effect. We also determined the effect of HFD on CAP-stimulated Ca^2+^ influx in primary BAT isolated from NCD or HFD (± CAP)-fed WT mice. As shown in [Figure 1E and F](#F1){ref-type="fig"}, HFD suppressed CAP-stimulated Ca^2+^ influx while dietary CAP countered this.

CAP increases the expression of PPARs and thermogenes in BAT {#S22}
------------------------------------------------------------

Next, we evaluated the effect of CAP on the expression of adipogenic and thermogenic genes, we measured the expression of PPARα and PPARγ, which play a major role in lipid metabolism. Western blots for PPARα and PPARγ ([Figure 2A and B](#F2){ref-type="fig"}) and their mRNA expressions ([Figure 2C and D](#F2){ref-type="fig"}) show that HFD decreased PPARα protein but not its mRNA, while suppressed both protein and mRNA of PPARγ in BAT. We also measured the expression of thermogenic mitochondrial UCP-1 and bone morphogenetic protein 8b (BMP8b) in BAT. Representative western blots ([Figure 2E](#F2){ref-type="fig"}) show the expression of BMP8b and UCP-1 in BAT. The relative mRNA levels of bmp8b and ucp-1 are given in [Figure 2G and H](#F2){ref-type="fig"}. HFD inhibited the expression of both UCP-1 and BMP8b. Dietary CAP prevented the inhibitory effect of HFD on these adipogenic and thermogenic proteins.

CAP counters hyperglycemia and hyperlipidemia and increases plasma GLP-1 {#S23}
------------------------------------------------------------------------

Since CAP increased thermogenic proteins' expression in BAT and enhanced metabolic activity, and BAT controls glucose and lipid metabolism, we measured the glucose tolerance and lipid profiles in NCD or HFD (± CAP)-fed mice. Random blood sugar levels ([Supplemental Figure 3A and B](#SD4){ref-type="supplementary-material"}) on week 8, 16, 24, 32 and 40 weeks and performed intraperitoneal glucose tolerance test (IPGTT; [Supplemental Figure 3C and D](#SD4){ref-type="supplementary-material"}) were measured for WT and TRPV1^−/−^ mice. The mean serum cholesterol and triglyceride levels were increased in HFD-fed mice, and dietary CAP reduced these ([Supplemental Figure 3E and F](#SD4){ref-type="supplementary-material"}). Since CAP countered the glucose intolerance caused by HFD, we determined the effect CAP on plasma GLP-1 levels in the WT and TRPV1^−/−^ mice. The basal GLP-1 levels (pmol/L) for NCD and HFD (± CAP)-fed WT mice were 2.05 ± 0.08, 0.18 ± 0.05 and 2.81 ± 0.09 and that in TRPV1^−/−^ mice were 1.39 ± 0.079, 0.17 ± 0.07 and 0.16 ± 0.89, respectively ([Supplemental Figure 3G](#SD4){ref-type="supplementary-material"}). CAP restored the inhibition of GLP-1 inhibition caused by HFD in the WT mice.

CAP increases the expression of *cox2, foxc2, cidea* and *dio2* in BAT {#S24}
----------------------------------------------------------------------

Since CAP enhanced the expression of thermogenic UCP-1 and BMP8b in BAT, we measured the expression of other thermogenic genes in the BAT of NCD or HFD (± CAP)-fed mice ([Supplemental Figure 4](#SD5){ref-type="supplementary-material"}) by quantitative RT-PCR. The relative abundance of mitochondrial protein-cytochrome-C-oxidase subunit-2 \[*cox2*; a protein that regulates mitochondrial functions and is recognized as an important regulator of thermogenesis^[@R20],\ [@R21]^\], fork-head transcription factor \[*foxc2*; a regulator of metabolism^[@R22],\ [@R23]^\], *cidea*, one of the three members of the CIDE (cell-death-inducing DNA-fragmentation-factor-45-like effector) family of proteins, which plays a central role in adaptive thermogenesis^[@R24],\ [@R25]^ and *dio2* \[dioxygenease type 2; regulates brown adipose tissue lipogenesis and adaptive thermogenesis^[@R26],\ [@R27]^\]. We also determined the expression of bmp8a, the gene duplicate of bmp8b ^[@R28]^, and bmp4 \[brown fat adipogenic marker^[@R29]^\]. HFD enhanced the expression of bmp8a while suppressed bmp4 and CAP antagonized this.

CAP increases basal and forskolin-stimulated glycerol release from BAT {#S25}
----------------------------------------------------------------------

Since HFD feeding significantly increased serum triglyceride level and CAP countered this, we evaluated whether CAP stimulates lipolysis by increasing fatty acid and glycerol release in BAT. We measured BAT triglyceride levels ([Supplemental Figure 5A](#SD6){ref-type="supplementary-material"}) and both basal and cyclic AMP-dependent protein kinase A (PKA) stimulated lipolysis^[@R30],\ [@R31]^ in BAT of WT and TRPV1^−/−^ mice. We measured forskolin-stimulated glycerol release in the presence of triacsin C, an inhibitor of acyl-CoA synthetase that prevents the reincorporation of hydrolyzed fatty acids into glycerolipids. CAP-stimulated glycerol release under basal as well as forskolin-stimulated conditions ([Supplemental Figure 5B and C](#SD6){ref-type="supplementary-material"}).

HFD suppresses the expression of PGC-1α, SIRT-1 and PRDM-16 and CAP antagonizes this {#S26}
------------------------------------------------------------------------------------

PPARγ coactivator 1α (PGC-1α) is an important regulator of energy and lipid metabolism. SIRT-1 is an NAD^+^ dependent deacetylase that deacetylates and facilitates the interaction of proteins, which regulate thermogenic mechanism in BAT. These proteins are implicated in metabolism and in the pathophysiology of diabetes and obesity. Since CAP increased metabolism and stimulated lipolysis in BAT, we evaluated whether CAP increased the expression of PGC-1α, SIRT-1 and PRDM-16 (a transcription factor that regulates BAT activation) in BAT ([Figure 3](#F3){ref-type="fig"}). CAP countered the inhibitory effect of HFD on PGC-1α, SIRT-1 and PRDM-16 expression in BAT of WT but not TRPV1^−/−^ mice.

Previous research suggests that CaMKII and 5′-adenosine monophosphate activated kinase (AMPK) phosphorylates and activates SIRT-1^[@R32]^. Therefore, we hypothesized that CAP stimulated the phosphorylation of SIRT-1 via CaMKII and AMPK, which is another important metabolic sensor. Consistent to this notion, previous research also suggests that CAP increased AMPK phosphorylation and enhanced the expression of SIRT-1 to suppress matrix metalloproteinase 9^[@R33]^. We set to determine the effect of CAP on SIRT-1 and AMPK phosphorylation. [Figure 4A](#F4){ref-type="fig"} shows the SIRT-1 expression in BAT. SIRT-1 immunoprecipitation followed by immunoblotting with phosphoserine antibody is illustrated in [Figure 4B](#F4){ref-type="fig"}. Since cellular protein kinases like CaMKII and AMPK activation can phosphorylate SIRT-1, we measured the phosphorylation of these kinases in BAT. Immunoblots for phospho CaMKII, CaMKII, phospho AMPK and AMPK are shown in [Figure 4E and F](#F4){ref-type="fig"}. HFD suppressed the phosphorylation of CaMKII and AMPK and CAP antagonized this. The phosphorylation and activation of CaMKII and AMPK may enhance the phosphorylation of SIRT-1. If this increases SIRT-1 activity, then SIRT-1 should deacetylate and facilitate the interaction of metabolically important thermogenic proteins in BAT. To address this, we determined the expression, acetylation status and interaction of PRDM-16 and PPARγ in BAT of NCD or HFD (± CAP)-fed WT and TRPV1^−/−^ mice. We also performed experiments in HEKTRPV1 cells after knock-down of SIRT-1 by siRNA. Scrambled siRNA transfected cells were used as controls. [Supplemental Figure 6](#SD7){ref-type="supplementary-material"} shows the effect of CAP on SIRT-1 expression and phosphorylation following scrambled or SIRT-1 siRNA transfections in HEKTRPV1 cells under control and CAP (1 μM; 90 min)-stimulated conditions.

CAP treatment stimulates PRDM-16 and PPARγ deacetylation {#S27}
--------------------------------------------------------

The deacetylation of PPARγ by SIRT-1 activates browning of WAT^[@R3],\ [@R9]^. Previous research suggests that PRDM-16 is a transcriptional regulator of BAT development ^[@R34]^ and ablation of PRDM-16 causes metabolic diseases^[@R35]^. These data indicate a critical role of PRDM-16 in metabolism. However, whether SIRT-1 activation deacetylates PRDM-16 to facilitate BAT activation remains unclear. Since HFD suppressed the expression of PRDM-16, we hypothesized that HFD will increase the acetylated PRDM-16 and SIRT-1 activation by CAP will deacetylate it and promote its function in BAT activation. Therefore, we examined this by determining the deacetylation of PRDM-16 by measuring the total and acetylated (lysine acetylation) levels of PRDM-16. As shown in [Figure 5A](#F5){ref-type="fig"}, HFD suppressed the expression of PRDM-16 and CAP prevented this. Also, CAP significantly decreased PRDM-16 acetylation in the BAT of WT mice. The basal expression (NCD-fed condition) of PRDM-16 was significantly lower in TRPV1^−/−^ mice. Also, CAP increased the expression of PPARγ and decreased its acetylation ([Figure 5B and C](#F5){ref-type="fig"}). For these experiments, we immunoprecipitated the acetylated lysine and immunoblot with wither PRDM-16 or PPARγ antibody. The ratio of acetylated lysine to total PRDM-16 or PPARγ is given in [Figure 5D and E](#F5){ref-type="fig"}.

If CAP mediates BAT activation by enhancing SIRT-1 activation, which deacetylates PRDM-16, then inhibition of TRPV1 should prevent the effect of CAP. To evaluate this we first analyzed the expression and phosphorylation of SIRT-1 in TRPV1 stably expressing HEK293 cells^[@R9]^. We hypothesized that CAP (1 μM)-stimulated Ca^2+^ influx via TRPV1 activated CaMKII/AMPK-dependent activation/phosphorylation of SIRT-1 and that inhibition of TRPV1 \[by capsazepine, CPZ; 10 μM; 10 min. preincubation followed by 90 min. with CAP; ^[@R36]^\], preincubation with BAPTA-AM for 1 hr. \[cell permeable Ca^2+^ chelator^[@R37]^; 10 μM) or SIRT-1 inhibition by pretreatment with EX527^[@R38]^ (10 μM; 1 hr.) will prevent the effect of CAP. We also determined the effect of directly activating SIRT-1 with resveratrol^[@R39],\ [@R40]^ \[Res; 100 μM; 1 hr.\]. As summarized in [Figure 5F and G](#F5){ref-type="fig"}, CAP increased SIRT-1 phosphorylation and CPZ, BAPTA-AM or EX527 pretreatment suppressed this effect of CAP. Resveratrol treatment did not increase SIRT-1 phosphorylation. If CAP stimulates SIRT-1 activation/phosphorylation, then it should cause the deacetylation of PRDM-16. We analyzed this and the effect of CAP (± CPZ, BAPTA or EX527) is shown in [Figure 5H, I and J](#F5){ref-type="fig"}. CAP treatment decreased the deacetylation of PRDM-16, while CPZ, BAPTA-AM or EX527 pretreatment prevented this ([Figure 5I](#F5){ref-type="fig"}). Resveratrol (SIRT-1 activator) also decreased PRDM-16 deacetylation. Also, CAP-stimulated intracellular Ca^2+^ influx was inhibited by CPZ and BAPTA while EX527 or Res had no effect ([Figure 5K](#F5){ref-type="fig"}).

CAP induces PRDM-16-PPARγ interaction {#S28}
-------------------------------------

The physical interaction between PPARγ and PRDM-16 is recognized to regulate brown adipose tissue development, fate of lipid storage or induction of thermogenesis program^[@R41]^ and browning of white adipose tissue^[@R42]^ to increase fat metabolism and energy expenditure. Therefore, we hypothesized that HFD suppresses PPARγ and PRDM-16 interaction and CAP antagonized the effects of HFD by facilitating PPARγ and PRDM-16 interaction to stimulate BAT activation. We performed coimmunoprecipitation experiment using specific antibodies against PPARγ and PRDM-16 to determine their interaction in BAT. [Figure 6A](#F6){ref-type="fig"} shows the expression of PPARγ (top panel) and PRDM-16 (bottom panel) in 10% of the total input used for coimmunoprecipitation studies. PPARγ co-precipitated PRDM16 ([Figure 6B](#F6){ref-type="fig"} Top panel) and PRDM16 co-precipitated PPARγ only in BAT of HFD + CAP-fed WT mice ([Figure 6B](#F6){ref-type="fig"} bottom panel).

CAP supplementation, post HFD, promotes weight loss {#S29}
---------------------------------------------------

Since CAP countered HFD-induced weight gain, we evaluated whether CAP can stimulate weight loss in mice post HFD feeding. The mean weight gain ± S.E.M for WT and TRPV1^−/−^ mice is given in [Supplemental Figure 7A and B](#SD8){ref-type="supplementary-material"}. We also measured the weekly food and water intake in these mice ([Supplemental Figure 7C and D](#SD8){ref-type="supplementary-material"}). [Supplemental Figure 7C](#SD8){ref-type="supplementary-material"}, for the HFD + CAP-fed subgroup of WT mice, shows that the food intake decreased from 24.5 ± 2.49 (week 15) to 14.79 ± 0.59 (week 16) and then returned to 20.5 ± 0.95 (week 17) and to 24.3 ± 2.03 thereafter (week 18). CAP supplemented mouse group lost body weight on week 16 and the rate of weight gain was significantly suppressed thereafter compared to HFD-fed group. We did not observe a significant change in water intake in these mice. Supplementation of HFD + CAP did not induce weight loss in TRPV1^−/−^ mice.

CAP supplementation, post HFD, increases metabolic activity {#S30}
-----------------------------------------------------------

Since CAP supplementation stimulated weight loss and protected mice from further weight gain, we evaluated the metabolic activity and measured the RER, heat output and ambulatory activity in WT and TRPV1^−/−^ mice at 16 weeks, before diet switch (HFD to HFD + CAP), and at the end of 32 weeks. We also measured these parameters for NCD-fed WT and TRPV1^−/−^ mice. CAP supplementation significantly enhanced carbohydrate oxidation, heat production and ambulatory activity in WT but not in TRPV1^−/−^ mice ([Supplemental Figure 7E through 7Q](#SD8){ref-type="supplementary-material"}).

Discussion {#S31}
==========

Although TRPV1 protein is predominately expressed in sensory nerve endings, its expression in a wide variety of tissues including liver^[@R43]^, vascular smooth muscle cells ^[@R44]^, neuromuscular junction^[@R45],\ [@R46]^, white adipose tissue^[@R9],\ [@R14],\ [@R47]^ has been recognized recently. We have previously reported that TRPV1 activation caused beiging of inguinal WAT^[@R9]^. This report provides evidence for the expression of TRPV1 protein in BAT and demonstrates that CAP counters diet-induced obesity by activating TRPV1 in BAT. We have delineated a novel mechanism by which CAP-stimulated intracellular Ca^2+^ influx via TRPV1 activates SIRT-1-dependent deacetylation of PRDM-16.

Our data clearly demonstrate that CAP feeding enhanced adipogenic and thermogenic proteins in BAT. It is important to note that although TRPV1 expression in other tissues and its activation by CAP may underlie the effect of CAP in preventing obesity, the enhancement of metabolism and energy expenditure by CAP coupled to its ability to cause SIRT-1-dependent deacetylation of PRDM-16 in BAT is suggestive of the significance of TRPV1 activation in BAT in the process.

SIRT-1 is a central energy sensor that deacetylates PPARγ and promotes its interaction with PRDM-16 to trigger the molecular conversion of WAT to beige phenotype^[@R3]^. Here, we report that CAP stimulated SIRT-1-dependent deacetylation of PPARγ as well as PRDM-16 and their resultant interaction in BAT of WT mice. Such an interaction is important for the differentiation of brown preadipocytes to mature adipocytes^[@R48]^. Our data show that inhibition of SIRT-1 by EX527 suppressed SIRT-1 phosphorylation and PRDM-16 deacetylation. These data suggest that CAP mediates its effects primarily by activating SIRT-1/PRDM-16-dependent mechanism to counter obesity. Also, our research has uncovered the essential role of intracellular Ca^2+^ in causing SIRT-1 phosphorylation and the resultant deacetylation of PRDM-16. That is, preincubation of TRPV1 expressing HEK293 cells with BAPTA-AM suppressed SIRT-1 phosphorylation and PRDM-16 deacetylation ([Figure 5H, I and J](#F5){ref-type="fig"}). Similar effects were observed when cells were pretreated with CPZ, which is a competitive antagonist of TRPV1. Thus, our data provide evidence for a novel TRPV1-dependent signaling mechanism by which CAP activates SIRT-1 (via CaMKII and AMPK) and promotes the deacetylation of PRDM-16 to cause BAT activation.

PRDM-16 regulates brown fat adipogenesis and BAT functions^[@R49]^. It is a co-regulator of PGC-1α ^[@R50]^ and induces UCP-1 expression^[@R51]^. Therefore, stimulating PRDM-16 expression, its deacetylation and stabilization will enhance BAT activation to combat obesity. Consistently, CAP increased the expression of PRDM-16, and facilitated its interaction with PPARγ. Also, CAP increased the expression of UCP-1 and PGC-1α to trigger BAT differentiation, which increase heat production and energy expenditure to combat obesity.

Weight regulation can be mediated by decreasing appetite or absorption of calories. In this study, we show that CAP mediates weight loss by increasing fat metabolism. Under our experimental conditions, we did not observe any decrease in food intake by CAP. Moreover, feeding either 0.003, 0.01 or 0.03% w/w of CAP in HFD showed a robust inhibition in HFD-induced weight gain without altering the energy intake even at the highest concentration of CAP (0.03%). These results indicate that CAP supplementation effectively counters weight gain without modifying diet intake.

Our metabolic study data ([supplemental Figures 2](#SD3){ref-type="supplementary-material"} and [7](#SD8){ref-type="supplementary-material"}) reveal that CAP feeding enhanced the utilization of carbohydrate rather than fat for energy (RER data) in the WT mice. This can be explained by an enhanced lipolysis in BAT ([Supplementary Figure 5B and C](#SD6){ref-type="supplementary-material"}) by CAP leading to glycerol production, which is converted to glucose by the liver for energy utilization^[@R52]^. CAP also increased the expression of PPARα, which could play a major role in glycerol metabolism^[@R52]^. The enhanced fat metabolism stimulated by CAP corroborates with the upregulation of expression of ucp-1, bmp4, bmp8b and other thermogenes in BAT by CAP of WT but not TRPV1^−/−^ mice. Moreover, CAP supplementation countered hyperglycemia, hyperlipidemia and impairment of glucose handling in mice. Also, CAP upregulated of plasma GLP-1 level. These data demonstrate a significant contribution of CAP in controlling comorbidities associated with HFD. Even though our data demonstrate that TRPV1 activation by CAP is essential for its effect to suppress HFD-induced hyperglycemia and decrease in GLP-1, it is possible that CAP may mediate these effects by activating pancreatic beta cells and entero-endocrine cells since TRPV1 expression in these cells has been recognized previously^[@R53]--[@R55]^. Further studies are, therefore, required to specifically evaluate the mechanisms by which CAP enhanced GLP-1 and restored glucose handling.

One emerging question is that how HFD downregulates TRPV1 expression in BAT and CAP counter-regulates this. Further studies are required to address this. Nonetheless, our data unambiguously show that TRPV1 activation counters diet-induced obesity by possibly stimulating pathway that is regulated by SIRT-1. These data, however, do not neglect the effect activation of TRPV1 expressed in the sensory nerve endings that innervate BAT. This may facilitate thermogenesis via catecholamine-stimulated beta adrenergic receptor expressed in BAT since CAP has been shown to increase adrenaline secretion^[@R56]^. The enhancement of cAMP by CAP^[@R57]^ may trigger a PKA-dependent signaling to activate lipolysis and thermogenesis. Future studies are required to address this alternate mechanism. Also, it is imperative that development of a mouse model, that lacks TRPV1 in BAT or that expresses TRPV1 only in the adipose tissue, will clarify the BAT specific effect of TRPV1. Collectively, this report provides a new insight into the role of TRPV1 activation in the regulation of cellular metabolism by CAP ([Figure 7](#F7){ref-type="fig"}) in BAT.

Although this work presents BAT specific effects of CAP, this work does not discount the effect of CAP on TRPV1-dependent pathways that are independent of its effect on BAT. That is, CAP treatment could promote a gamut of signaling mechanisms that modulate the release of neurotransmitters, neuropeptides and hormones to regulate metabolic activity. Given the broad body of knowledge that describe the benefits of BAT activation in the regulation of metabolism and energy expenditure, our data demonstrate that CAP could significantly enhance SIRT-1-dependent thermogenic processes. Nevertheless, our data provide a new insight into the role of TRPV1 activation in mediating SIRT-1-dependent deacetylation of PPARγ and PRDM-16 and their interaction in BAT, which has clinical relevance.
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![HFD suppresses TRPV1 expression in BAT and CAP counters this effect\
**A.** Immunoblot for TRPV1 in control and TRPV1 expressing HEK293 cells as well as in BAT of NCD-fed WT and TRPV1^−/−^ mice. B. Immunoprecipitation for TRPV1 in the BAT of NCD or HFD (± CAP)-fed WT and TRPV1^−/−^ mice. Relative protein (C) and relative mRNA (D) expression of TRPV1 in the BAT of NCD or HFD (± CAP)-fed WT and TRPV1^−/−^ mice. E. Time courses of basal and CAP (1 μM)-stimulated Ca^2+^-influx into brown adipocytes isolated from NCD or HFD (± CAP)-fed WT mice. F. Bar graphs represent mean change in fluorescence S.E.M following the addition of CAP in these cells. Numbers in parenthesis indicate the number of cells under each condition. \*\* represent statistical significance for P\<0.05 for n = 8 independent experiments.](nihms840671f1){#F1}

![CAP increases PPARs and thermogenic BMP8b and UCP-1 in BAT of WT but not TRPV1^−/−^ mice\
A. PPARα and PPARγ expression in BAT obtained from NCD or HFD (± CAP)-fed WT and TRPV1^−/−^ mice. B. Mean PPAR proteins expression intensity ± S.E.M normalized to GAPDH (loading control) for n = 5 independent experiments. The average mRNA levels ± S.E.M of pparα (C) and pparγ (D) normalized to NCD are given for NCD, HFD or HFD + CAP-fed WT and TRPV1^−/−^ mice. E. BMP8b and UCP-1 expression in BAT obtained from NCD or HFD (± CAP)-fed WT and TRPV1^−/−^ mice. F. BMP8b and UCP-1 protein expression mean band intensities ± S.E.M normalized to the loading control GAPDH for 5 independent experiments. The mean mRNA levels ± S.E.M of *bmp8b* (G) and *ucp-1* (H) normalized to NCD are given for NCD, HFD or HFD + CAP-fed WT and TRPV1^−/−^ mice. For quantitative RT-PCR experiments, 18S ribosomal RNA was used as control. \$\$ and \*\* represent statistical significance for P\<0.05.](nihms840671f2){#F2}

![CAP increases the expression of *pgc-1α and* SIRT-1 in BAT of WT but not TRPV1^−/−^ mice\
A. Western blot for PGC-1α and SIRT-1 proteins in BAT. GAPDH was the loading control. B and C. Mean ratio of PGC-1α and SIRT-1 to GAPDH protein expression ± S.E.M in BAT. D, E and F. Relative mRNA abundance mean ± S.E.M of *pgc-1α, SIRT-1 and prdm-16* normalized to 18s in BAT for NCD (white), HFD (striped) or HFD + CAP (black)-fed WT and TRPV1^−/−^ mice. \*\* represent statistical significance for P\<0.05 for n = 8 independent experiments.](nihms840671f3){#F3}

![HFD suppresses SIRT-1 expression and CAP antagonizes this and enhances SIRT-1 phosphorylation by phosphorylating CaMKII and AMPK\
A. Representative western blot showing SIRT-1 expression in 10% input and β-Actin loading control. B. Representative blot showing SIRT-1 phosphorylation using phospho serine antibody in the SIRT-1 immunoprecipitated sample. C and D. Ratio of SIRT-1 to β-actin and phospho Ser to SIRT-1 in BAT of NCD or HFD (± CAP)-fed WT and TRPV1^−/−^ mice. E and F. Representative western blot shows the expression levels of CaMKII/p-CaMKIIα (Thr286) and AMPK/p-AMPK (Thr172) in 40 μg of BAT lysate with the respective loading controls. G and H. Ratio of phosphoCaMKII to CaMKII and phsphoAMPK to AMPK intensities. \*\* represent statistical significance for P\<0.05 for n = 8 independent experiments.](nihms840671f4){#F4}

![CAP increases deacetylation of PRDM-16 and PPARγ by activating SIRT-1\
A. Top panel shows western blot for PRDM-16 in 10% of total protein used for coimmunoprecipitation studies. Middle Panel shows acetylated PRDM-16 in BAT lysates of WT and TRPV1^−/−^ mice-fed NCD or HFD (± CAP). Lysates were immunoprecipitated with acetylated lysine (Ac-K) antibody and immunoblotted for PRDM-16. Bottom panel represents GAPDH, loading control. B. Immunoblotting of 10% total protein used for coimmunoprecipitation with PPARγ and GAPDH. The proteins were resolved using 10% SDS-PAGE gel. C. Immunoprecipitation of samples using Ac-K antibody and immunoblotted with anti-PPARγ antibody. The samples were resolved using 7.5% SDS PAGE gel. D and E show densitometric ratios of acetylated PRDM-16 to total PRDM-16 and acetylated PPARγ to total PPARγ, respectively. F. Top panel shows the immunoblotting of lysates of TRPV1 expressing HEK 293 cells after treatment with CAP, CPZ + CAP, BAPTA-AM + CAP, EX527, EX527 + CAP, Res, and EX527 + Res with SIRT-1 antibody. Middle panel represents phosphorylated SIRT-1 on samples immunoprecipitated with SIRT-1 followed by immunoblotting with phosphoserine and phosphothreonine antibodies. Bottom panel shows β-actin loading control. G. Densitometric ratio of band intensities of phospho SIRT-1 to total SIRT-1. H. Immunoblot of TRPV1 expressing HEK 293 cells lysates after various treatments and probed with anti-PRDM16 and β-actin (loading control) antibodies. I. Immunoblot of acetylated PRDM-16 in TRPV1 expressing HEK 293 cells lysates after immunoprecipitation with AcK and immunoblotting with anti-PRDM-16 antibody. J. The densitometric band intensity ratios between acetylated PRDM-16 to total PRDM-16. (n = 6 independent experiments). K. Mean ratio ± S.E.M of Fura 2-AM fluorescence in TRPV1 expressing HEK 293 cells stimulated with CAP, CAP + CAP, BAPRA-AM + CAP, EX527 + CAP and Res + CAP (n = 88 -- 122 cells). \*\* represent statistical significance for P\<0.05.](nihms840671f5){#F5}

![CAP increases the expression of PRDM-16 and its interaction with PPARγ in BAT of WT but not TRPV1^−/−^ mice\
A. Western blots with anti PPARγ in 10% of total protein used for coimmunoprecipitation studies. B. PPARγ immunoprecipitation shows interaction with PRDM-16 in NCD and CAP fed conditions in WT. C. Western blots for PRDM-16 in 10% of total protein used for coimmunoprecipitation experiment. D. PRDM-16 immunoprecipitation showing its interaction with PPARγ in CAP fed conditions in WT.\$\$ and \*\* represent statistical significance for P\<0.05 for n = 8 independent experiments.](nihms840671f6){#F6}

![Mechanism by which TRPV1 activation enhances metabolism and energy expenditure in BAT\
CAP activates TRPV1 expressed on the brown adipose tissue (BAT) cell membrane to stimulate a Ca^2+^ influx, which activates CAMKII. This activates AMPK phosphorylation and the subsequent phosphorylation and activation of SIRT-1, which deacetylates PPARγ and PRDM-16 and facilitates their stabilization and interaction. Also, SIRT-1 activates PGC-1α, which transcriptionally activates PPARα and subsequently UCP-1. Activation of TRPV1 also enhances BMP8b. All these enhance metabolism, energy expenditure and thermogenesis to counter HFD-induced obesity.](nihms840671f7){#F7}
